Abstract A new type of packaging that combines food packaging materials with antimicrobial substances to control microbial surface contamination of foods to enhance product microbial safety and to extend shelf-life is attracting interest in the packaging industry. Several antimicrobial compounds can be combined with different types of packaging materials. But in recent years, since consumer demand for natural food ingredients has increased because of safety and availability, these natural compounds are beginning to replace the chemical additives in foods and are perceived to be safer and claimed to alleviate safety concerns. Recent research studies are mainly focused on the application of natural antimicrobials in food packaging system. Biologically derived compounds like bacteriocins, phytochemicals, enzymes can be used in antimicrobial food packaging. The aim of this review is to give an overview of most important knowledge about application of natural antimicrobial packagings with model food systems and their antimicrobial effects on food products.
Introduction
There is a growing interest in the development of antimicrobial packaging materials containing natural antimicrobial agents. This interest has been driven by consumer concerns about health-related issues, such as the use of synthetic antimicrobial agents. Incorporating synthetic antimicrobial agents directly into foods can effectively inhibit the growth and survival of various microorganisms, but consumers demand minimally processed, preservative-free food products with a longer shelf life. Antimicrobial packaging provides an additional and final barrier that can prevent the growth of food-borne pathogens (Gould 2000; Han 2000; Appendini and Hotchkiss 2002; Devlieghere et al. 2004; Quintavalla and Vicini 2002; Vermerien et al. 2002; Suppakul et al. 2003a; Coma 2008; Emiroglu et al. 2010; Ibarguren et al. 2010; Guarda et al. 2011) . For many food products, antimicrobial packaging other than refrigeration system provides an additional food safety. Most natural antimicrobial agents are biodegradable and degrade readily in the environment. The aim of this review is to provide an overview of the studies concerning natural antimicrobial packaging and efficacy of natural bioactive compounds. We first discussed antimicrobial packaging systems and then described natural antimicrobial agents that are the mostly used in packaging systems. Finally, we provided an overview to polymeric and natural antimicrobial edible packaging films.
Antimicrobial packaging system
An antimicrobial packaging system can be obtained by directly incorporating antimicrobial agents into packaging films, coating packaging films with these antimicrobial substances and developing packaging materials from polymers. Generally, antimicrobial packaging systems are regarded as migrating or non-migrating with the differentiation depending on the antimicrobial agent used and on its interactions with the packaging and food matrix. They can be explained: (1) those that contain an antimicrobial agent that migrates to the surface of the food (migrating film), and (2) those that are effective against surface growth of microorganisms without migration (non-migrating film). (Suppakul et al. 2003a; Kuorwel et al. 2011a; Muriel-Galet et al. 2012a) .
The effectiveness of antimicrobial packaging has been demonstrated over the last decade. Antimicrobial packaging increases the shelf life, safety and quality of many food products due to their great potential to reduce microbial growth in non-sterile foods and minimize the hazard of postcontamination of pasteurized products (Hotchkiss 1997) , by slow migration of antimicrobial agents from an area of high concentration (packaging material) to an area of low concentration (food) (Han 2000) . The concept behind antimicrobial packaging is to enhance the safety and quality measures already used by the food industry. It is not meant as a substitute for solid manufacturing and handling practices, but is meant to serve as an additional hurdle for bacteria to overcome (Cooksey 2005) .
The use of antimicrobial films can offer advantages compared with the direct addition of preservatives to the food product, as the preservative agents are applied to the packaging material in a way that only low levels of preservative come into contact with the food. In such an antimicrobial agent delivery mechanism, only the necessary amount of the antimicrobial would be used and it would not be directly added to the food product. Furthermore, the production process can be simplified by combining the packaging step with the addition of preservatives (Vermerien et al. 2002; Cha and Chinnan 2003; Waite 2005; Coma 2008 ). The use of packaging films containing antimicrobial agents could be more efficient by slow migration of the agents from the packaging material to the surface of the product, thus helping maintain high concentrations where they are needed (Quintavalla and Vicini 2002) . Another advantage of antimicrobial packaging is that direct addition of antimicrobials could result in some loss of activity because of leaching into the food matrix and cross-reaction with other food components such as lipids and proteins. Therefore, antimicrobial packaging could be more efficient by a controlled migration of the compound into the food, not only allowing for initial inhibition of undesirable microorganisms, but also residual activity over time, during the transport and storage of food during distribution (Mauriello et al. 2005) . Figure 1 shows antimicrobial systems and their releasing conditions for foods. Food systems (A) and (B) release antimicrobial agents through diffusion and other systems present (C) and (D) release volatile antimicrobial agents by evaporation. In (A) one-layer system, the antimicrobial agent is incorporated into the packaging material; in (B) two-layer system, the antimicrobial agent is coated onto the packaging layer; (C) is a headspace system and volatile antimicrobial compounds are incorporated into the matrix layer released into the headspace; and in (D) headspace system with a control layer, the control layer maintains specific headspace concentration while regulating the permeation of volatile antimicrobial compounds (Han 2003) .
Other than inherently antimicrobial polymers like chitosan, there are two basic categories to produce antimicrobial films; one involves the incorporation of antimicrobial component into the packaging film, while the other is coating the packaging material with antimicrobial component. The addition of antimicrobial pads and sachets into the packaging is another way to obtain an antimicrobial packaging. Inherent antimicrobial films are not included in this review.
Natural antimicrobial agents
Especially in recent years, consumers prefer natural over synthetic products, and for this reason, naturally-derived antimicrobial agents are becoming increasingly important in antimicrobial packaging, as they present a perceived lower risk to the consumers (Chen et al. 1996; Fernandez 2000; Gould 2000; Suppakul et al. 2003a, b; Kerry et al. 2006; Conte et al. 2007; Guiga et al. 2009; Royo et al. 2010; Ibarguren et al. 2010; Mayachiew et al. 2010; Concha-Meyer et al. 2011 ) and the use of natural antimicrobial agents might become popular in packaging research (Han 2000) . These natural compounds are perceived to be safer and claimed to alleviate safety concerns Suhr and Nielsen 2003) The natural compounds used in antimicrobial packaging can be categorized as biologically-derived components like bacteriocins, enzymes and plant extracts. Some potential natural antimicrobials for food packaging are classified in Table 1 .
Bacteriocins
Biologically-derived antimicrobials are attracting increasing interest in recent times, especially for their antilisterial activity. Bacteriocins are peptidic antimicrobial compounds synthesized by different bacteria with bactericidal activity against other generally related species. Generally, most of the bacteriocins are produced by lactic-acid producing bacteria, making their application to control specific bacterial growth in food highly attractive. The use of antimicrobial films containing bacteriocins can improve the quality, safety and prolong the shelf life of food products (Santiago-Silva et al. 2009; Guiga et al. 2009; Divya et al. 2012; Beshkova and Frengova 2012; Nagpal et al. 2012; Perez Espitia et al. 2012; Fucinos et al. 2012; Kumar et al. 2012) . The advantages of bacteriocins are that they are thermo-stable, hypoallergenic and easily degraded by proteolytic enzymes in the human gastrointestinal tract (Abreu et al. 2013) .
Nisin, a commercially valuable bacteriocin is a protenaceous compound obtained from several Lactococcus lactis strains that occur naturally in raw milk and fermented foods. Nisin has a broad spectrum of antimicrobial activity, which includes some gram-positive bacteria including foodborne pathogenic and spoilage microorganisms such as Listeria monocytogenes, Clostridium botulinum, Staphylococcus aureus and Bacilli. In addition, nisin is heatstabile, non-toxic and sensitive to digestive proteases. Nisin has been used as a natural food preservative in the world from canned foods to dairy products. The use of nisin as a preservative in foods has been recognized by the Food and Agriculture Organization of the United Nations (FAO), World Health Organization (WHO) and the US Food and Drug Administration (FDA 2004) has given it generally recognized as safe (GRAS) status. It is allowed for use in pasteurized cheese and liquid eggs and commercially used in a range of foods including dairy, eggs, vegetables, meat, fish, Table 1 Examples of potential natural antimicrobial agents and biopolymers for food packaging (Han 2005; Tang et al. 2012; Imran et al. 2010 Fig. 1 Food packaging sytems and antimicrobial packaging (Han 2000 (Han , 2003 Vartianen 2009) beverages and cereal-based products (Padgett et al. 1998; Siragusa et al. 1999; Natrajan and Sheldon 2000a, b; Scannell et al. 2000; Coma et al. 2001; Vermerien et al. 2002; Cha et al. 2003a; Leung et al. 2003; Limjaroen et al. 2003; Suppakul et al. 2003a; Guerra et al. 2005; Guiga et al. 2009; Hoang et al. 2010) . The use of nisin in antimicrobial packaging is attracting intense interest in recent times. There are numerous studies showing that nisin applied in antimicrobial films and packages may control bacterial growth, maintaining food quality, safety and extending the shelf life of food products. Some of the studies about nisin and other related bacteriocins with food packaging can be seen in Table 2 . It was indicated that nisin applied in packaging films of plastic, paperboard and edible films has antimicrobial activity against some pathogenic and spoilage microorganisms such as L. monocytogenes and Brochothrix thermosphacta, Micrococcus flavus, Micrococcus luteus, Lactobacillus spp., L. innocua, S. aureus, Salmonella typhimurium; also, these nisin-activated antimicrobial packaging materials have been effective in extending the shelf-life of food products by applying model food systems of meat and meat products, milk, cream milk, cheese and orange juice. Most of the studies on nisin applied packaging materials were about polymeric packaging materials, biopolymers, edible films and paperboard packaging materials. However, some researchers reported that dipping pork meat in a solution of nisin was ineffective against Pseudomonadaceae and increased the growth of Enterobacteriaceae (Barbiroli et al. 2012) .
Nisin is composed of small molecules, and this case causes releasing peptides from packaging films after contact with food or liquid. Generally, nisin is incorporated into coatings together with acids and occasionally with other compounds (Kuorwel et al. 2011b; Abreu et al. 2013) . It was also determined that nisin and phenolic extracts such as green tea and grape seed can damage the cytoplasmic membrane of bacterial cells. Theivendran et al. (2006) reported that at 4°C and 10°C, the antimicrobial activity of combined nisin (10, 000 IU) with either GSE (1 %) or GTE (1 %) was significantly greater than the activity of GTE (1 %) or GSE (1 %) or nisin (10,000 IU) alone against L. monocytogenes. They demonstrated that the use of natural extracts with nisin in an edible coating can provide additional safety and improve the quality of ready-to-eat meat products. Khwaldia et al. (2010) gave place to nisin and chitosan coating with 3 % concentrations, onto paper with a binder medium of a vinyl acetate/ethylene copolymer can provide antimicrobial activity against L. monocytogenes and/or E. coli. Additively applying nisin 2 log cfu/g 0.5 log cfu/g on the surface of paperboard can be effective inhibition of Micrococcus flavus growth in a model emulsion and in milk cream. Kuorwel et al. (2011b) exemplified coating nisin onto an LDPE film showed effective inhibition against L. monocytogenes on the surface of individually-packed hot dogs, significant antimicrobial activity of nisin-coated PVC, linear low-density polyethylene (LLDPE) and nylon against S. typhimurium on broiler drumstick skin stored at 4°C and coated nisin onto LDPE film was found to reduce the microbial growth in packaged fresh oysters and ground beef stored at 3 and 10°C.
In Abreu et al. (2013) review, they were also stated that other bacteriocins lactocin 705 and lactocin AL705 produced by Lactobacillus curvatus CRL 705, bacteriocin 32Y from Lb. curvatus, enterocin 416 K1 produced from Enterococcus casseliflavus IM 416 K1, enterocins A and B and sakacin K, pediocins produced by Pediococcus sp., bacteriocins lacticin 3147 and Nisaplin are used in the development of antimicrobial packaging systems.
Enzymes
Many enzymes are currently being used in several food processes; however, more recently there are a number of investigations in which these enzymes are also being immobilized in packaging materials. Applying enzyme immobilization systems to food packaging materials, nanostructures offer new, innovative possibilities in this area (Abreu et al. 2013) . One of these enzymes is lysozyme, which is a single peptide protein and that possesses enzymatic activity against the beta 1-4 glycosidic linkages between N-acetylmuramic acid and Nacetylglucosamine found in peptidoglycan. Peptidoglycan is the major component of the cell wall of both gram-positive and gram-negative bacteria. Hydrolysis of the cell wall by lysozyme can damage the structural integrity of the cell wall and result in the lysis of bacterial cells. Lysozyme is of interest for use in food systems, as it is a naturally occurring enzyme that is produced by humans and many animals, and has activity against cellular structure specific to bacteria (Mastromatteo et al. 2010; Ntzimani et al. 2010) .
The effectiveness of lysozyme-immobilized-polyvinyla l c o h o l b a s e d f i l m s w e r e i n v e s t i g a t e d a g a i n s t Alicyclobacillus acidoterrestris (Conte et al. 2006a ) and the films were produced with a new technique by spraying along with a suitable bonding agent onto the surface of the crosslinked polymeric matrix (Conte et al. 2006b ). And complete immobilization of the lysozyme onto the polymeric material and acts directly from the film without being the released into the packed foods were also studied (Conte et al. 2007 ). Buonocore et al. (2005) developed two techniques to control the release of lysozyme from a polymeric material into the foodstuff: a monolayer cross-linked polyvinyl alcohol film and a multilayer structure made of cross-linked polyvinyl alcohol films. Buonocore et al. (2003) developed a mathematical model to predict lysozyme enzyme kinetics from crosslinked polyvinly alcohol (PVOH) into aqueous solution. The inhibitory effect of lysozyme immobilized into polyvinyl alcohol, nylon and cellulose acetate against Micrococcus lysodeikticus cells was also studied and cellulose triacetate yielded the highest antimicrobial activity (Appendini and Hotchkiss 1997). Similarly, Souza et al. (2010) found that caseinate films modified by pH and glyoxal with the release of lysozymes extend food storage and enhance food safety.
Lysozyme enzyme was also investigated for application in biopolymers in antimicrobial packaging. The antimicrobial activities of lysozyme incorporated in to Na-alginate and kcarrageean based biodegradable films against Listeria innocua ATCC 33090, Escherichia coli ATCC 9637, Salmonella enteritidis ATCC 4931, Staphylococcus aureus ATCC 25923, and Micrococcus luteus ATCC 10240 (Cha et al. 2002) and incorporated in soy bean and corn zein biodegradable films against Lactobacillus plantarum (Padgett et al. 1998) were determined. Rodrigues and Han (1993) determined that lysozyme and nisin incorporated into edible films of whey protein isolate were effective at inhibiting B. thermosphacta, but not L. monocytogenes. Antimicrobial nanofilms made of poly-L-glutamic acid (PLGA) with edible protein hen egg white lysozyme inhibited the growth of model microorganism M. luteus in the surrounding liquid medium (Rudra et al. 2006) . Unalan et al. (2011) researched antimicrobial activity of zein films incorporated with lysozyme and disodium-ethylene-diamine-tetra-acetic acid (Na 2 EDTA) on some pathogenic bacteria and refrigerated ground beef patties. The developed films (700 μg/cm 2 lysozyme and 300 μg/cm 2 Na 2 EDTA), showed antimicrobial activity against L. monocytogenes, E. coli O157:H7 and Salmonella typhimurium.
Another enzyme and packaging method example is the feasibility of immobilizing naringinase in food contact film of cellulose acetate for the reduction of citrus juice bitterness during storage (Soares and Hotchkiss 1998) .
Phytochemicals
Plant extracts have been used for a wide variety of purposes for thousands of years. Antimicrobial properties of essential oils from some plant extracts and spices/herbs have been investigated and used for food preservation since ancient times. Some of the plant extracts and essential oils have strong antimicrobial properties because of their high percentage of phenolic compounds such as carvacrol, thymol and eugenol (Royo et al. 2010; Kechichian et al. 2010; Irkin et al. 2011; Tyagi et al. 2012; Li et al. 2012) . Incorporation of plant extracts into the packaging materials or coatings with the extracts instead of plastic films could meet consumer demands for more natural, disposable, recyclable or biodegradable food packaging materials (Emiroglu et al. 2010 ). In Table 3 , some researches about phytochemicals and food packaging systems can be seen.
Essential oils
Various studies have marked the antimicrobial activity of plant essential oils including Thymus essential oils, cumin, fennel, laurel, mint, marjoram, oregano, sage, savory, thyme (Ozkan et al. 2003) , cinnamon (Manso et al. 2013 ) onion and garlic oils (Benkeblia 2004) , garlic and onion extracts (Satya et al. 2005) , Australian native plants oils (Wilkinson and Cavanagh 2005) , clove and cinnamon oils (Matan et al. 2006) . Their components are becoming increasingly popular as naturally occurring antimicrobial agents. The number of studies showing the possibility of using essential oils and/or some of their components in food systems to prevent the growth of foodborne bacteria/pathogens and to extend the shelf life of the food is very high. Researchers have been investigating the use of essential oils within the packaging materials to extend the shelf life of food.
Because of the antimicrobial properties of the essential oils, they have been the subject of antimicrobial packaging by many researchers.
The antimicrobial packaging showed great efficiency, which supports its likely application as a food packaging material. Seydim and Sarikus (2006) investigated the antimicrobial properties of whey protein isolate films containing 1.0-4.0 % (wt/vol) ratios of oregano, rosemary and garlic essential oils against E. coli O157:H7, S. aureus, S a l m o n e l l a e n t e r i t i d i s , L . m o n o c y t o g e n e s a n d L. plantarum. In this study, it was found that the film containing oregano essential oil was the most effective against these bacteria at 2 %. Milk protein-based films containing 1 % (w/v) oregano, 1 % (w/v) pimento or 1 % (w/v) oregano pimento (1:1) essential oils mix were applied on beef muscle slices to control the growth of pathogenic bacteria during shelf-life (Oussalah et al. 2004 ). The film containing oregano was the most effective against E. coli O157:H7 and Pseudomonas spp. Pranato et al. (2005) studied antibacterial alginate-based edible film with incorporation of garlic oil. E. coli, S. typhimurium, S. aureus and B. cereus were affected and the results revealed that garlic oil has potential to be incorporated into alginate to make antimicrobial edible film or coating for various applications. Other examples are E. coli, E. coli O157:H7 and S. aureus, which were significantly reduced by soy edible films, incorporated with thyme and oregano essential oils on fresh ground beef patties (Emiroglu et al. 2010) . Allspice, cinnamon and clove bud essential oils in edible apple films were found to be effective against E. coli O157:H7, L. monocytogenes, S. enterica (Du et al. 2009 ). Similarly, antimicrobial edible films-based on alginate and chitosan were used by incorporating garlic oil gave inhibitory results against Listeria monocytogenes and S. aureus (Pranato et al. 2005) . Mayachiew et al. (2010) determined that an increase in the galangal (Alpinia galanga Linn.) extract concentration in edible films lead to a higher antimicrobial activity against S. aureus. Guarda et al. (2011) determined the antimicrobial properties of plastic flexible films with a coating of microcapsules containing carvacrol and thymol as natural antimicrobial substances, which are the major component of oregano and thyme essential oils and they found that these agents are strong inhibitors of the growth of a broad spectrum of microorganisms such as, E. coli O157:H7, S. aureus, L. innocua, Saccharomyces cerevisia and A. niger.
Muriel-Galet et al. (2012b), Muriel-Galet et al. 2013 researched the antimicrobial effects of PP/EVOH bags incorporating oregano or citral essential oils to be applied in the packaging of ready-to-eat salad and characterized the effects of packaging against E. coli, Salmonella enterica and L. monocytogenes. They found that films showed a significant inhibition of microflora and pathogen flora commonly found on salad. Sensory evaluations suggested that PP/EVOH packaging with 5 % oregano essential oils would be acceptable to consumers.
Basil (Ocimum basilicum L.)'s essential oil contains primarily linalool and methyl chavicol as the active volatile components. Although the antimicrobial properties of basil were investigated by several authors (Elgayyar et al. 2001; Ozcan and Erkmen 2001; Soliman and Badeaa 2002; Suppakul et al. 2002; Edris and Farrag 2003; Bagamboula et al. 2003 Bagamboula et al. , 2004 Yano et al. 2006; Yonzon et al. 2005; Kuorwel et al. 2011b ) the antimicrobial effect of basil was found in moderate levels in most of the studies. Suppakul et al. (2003b) expressed that since the principle constituents of basil, namely linalool and methyl chavicol are generally recognized as safe and are stable at high temperatures, they have potential for use in antimicrobial film applications. But the number of studies showing the effectiveness of these compounds in antimicrobial packaging concept is not high. The antimicrobial effect of linalool or methyl chavicol added LDPE films against E. coli was shown by Suppakul et al. (2003b) . These compounds might be useful in preparation of antimicrobial packages for extending shelf life of some foods. Suppakul et al. (2008) study demonstrated that the natural antimicrobial components of basil (linalool and methylchavicol) can be successfully incorporated into LDPE-based polymers and retain their inhibitory effect against microbial growth in model (i.e., solid medium) and real (cheddar cheese) systems. They suggested that these kinds of additives might be useful in packaging of some foods by enhancing microbial stability and food safety. Oregano and clove ess. oils (20 g/ kg films) Coating extended storage time from 6 to 13 days.
Total aerobic mesophilic, Enterobacteriaceae, total aerobic psychrotrophic bacteria, lactic acid bacteria, Pseudomonas levels decreased in coated samples.
Fernandez-Pan et al. (2014)
Cod smoke sardine
Gelatin based films
Oregano, rosemary ess. oils Total viable counts, sulphide-reducing bacteria were inhibited.
Gomez-Estaca et al. (2007)
Cod fish fillets Gelatin-chitosan films Clove, fennel, cypress, lavender, thyme, herb of the cross pine, rosemary (0.75 ml/ g biopolymer) ess. oils Some food pathogens and spoilage bacteria can be reduced effectively. Clove essential oil showed the highest inhibitory effect followed by rosemary and lavender. Table grapes MAP Thymol, Eugenol Reductions for yeasts-mould counts (1.7-2.4 log cfu/g) and mesophilic aerobic bacteria (2.2-2.4 log cfu/g) counts were observed.
Tyagi et al. (2012)
Fresh cut cantaloupe
Chitosan edible films
Trans-cinnamaldehyde and pectin 2 g/100 g trans-cinnamaldehyde, 2 g/100 g chitosan and 1 g/100 g pectin helps extend the shelf life of fresh-cut cantaloupe up to 9 days. Kanmani and Rhim (2014) Plant extracts
Grape Fruit Seed Extract (GFSE) has a wide antimicrobial spectrum and has a high heat-stability. It contains naringin, ascorbic acid, hesperidins and various organic acids such as citric acid (Nishina et al. 1991; Lee et al. 1998; Ha et al. 2001; Kim and Cho 2002) .
There are numerous studies showing the antimicrobial properties of GFSE. Most of the researchers determined the efficiency of GFSE against L. monocytogenes, E. coli and some important food-borne pathogens and food spoilage bacteria (Jayaprakasha et al. 2003; Baydar et al. 2004; Ahn et al. 2007; Luther et al. 2007; Sivarooban et al. 2008 ) and fungi (Xu et al. 2007) . Theivendran et al. (2006) determined that GFSE (1 %) was effective in inhibiting L. monocytogenes when incorporated in soy protein edible films. Cha et al. (2002) indicated the potential of application of GFSE with and without EDTA, especially in inhibition of gram-negative bacteria contaminating foods for Na-alginate-and k-carrageenan-based biodegradable films. Antimicrobial efficiency of these films against L. innocua, E. coli, S. aureus, Salmonella enteridis and M. luteus was tested. Na-alginate-based films produced a larger inhibition zone than k-carrageenan-based films when the same levels of antimicrobial agents were present in each film. GFSE-EDTA in both Na-alginate and k-carrageenan based films showed strongest inhibitory effect against all indicator microorganisms. Sung et al. (2013) showed that a linear low density polyethylene (LLDPE) co-extruded film with 0.5 and 1 % (v/w) GFSE can extended the time of beef stored under 3°C. GFSE coated on LLDPE film has extended the shelf life of beef from 9 to 14 days. Ha et al. (2001) tested the antimicrobial activity of GFSE incorporated by a co-extrusion or solution coating process in LDPE film against several spoilage microorganisms and then applied them to the packaging of ground meat. The film co-extruded with 1 % GFSE layer showed antimicrobial activity only against M. flavus, while the film coated with 1 % GFSE showed activity against several microorganisms such as E. coli and S. aureus and B. subtilis. Lim et al. (2010a) showed that an edible film with Gelidium corneum, Cloisite-Na-treated with thymol and GFSE had inhibitory effects on the growth of E. coli O157:H7 and L. monocytogenes.
The review of literature shows that the coating process was more effective than co-extrusion for antimicrobial efficiency of GFSE. However, both types of GFSE-incorporated multilayer polyethylene films contributed to a reduction of the growth rates of aerobic and coliform bacteria on the ground beef when compared to plain PE film.
In Table 3 , it can be found some more applications about GFSE extract in the food packaging systems.
Allyl isothiocyanate is the major pungent component of black mustard, brown mustard, wasabi, and is also found in common plants such as broccoli, horseradish, cabbage, cauliflower, kale, turnips and is suggested to be employed in antimicrobial packaging applications (Nielsen and Rios 2000; Suppakul et al. 2003a; Pires et al. 2009; Gonçalves et al. 2009; Jin and Gurtler 2011; Chen and Brody 2013) . The antimicrobial efficiency of AITC was determined against E. coli 0157:H7 (Ogawa et al. 2000; Park et al. 2000; Muthukumarasamy et al. 2003; Nadarajah et al. 2005a, b; Chacon et al. 2006a, b) L. monocytogenes, Salmonella montevideo together with E. coli O157:H7 (Lin et al. 2000a, b) and against mesophilic bacteria and coliforms (Inatsu et al. 2005) , Penicillium notatum (Tunc et al. 2007 ). Nielsen and Rios (2000) also determined that antifungal activity of AITC was most efficient when added as volatiles. Lim and Tung (1997) studied the vapor pressure of AITC and its transport in PVDC/PVC copolymer packaging film.
In the area of antimicrobial packaging, there are several studies on the AITC application. Winther and Nielsen (2006) investigated the antimicrobial effect of AITC labels against cheese -related fungi such as Penicillium commune, P. nalgiovense, P. roqueforti, A. flavus, Geotrichum candidum, Debaryomyces hansenii. AITC labels were placed in packaging prior to sealing under modified atmosphere. All inoculated microorganisms were inhibited on the cheese surface and the shelf life of cheese extended and was impacted; AITC was an effective antimicrobial compound in a food matrix such as cheese. Nadarajah et al. (2005a) investigated the antimicrobial activity of AITC, which was placed on ground meat patty packaged in Nylon/EVOH/PE under 100 % N 2 against mesophilic bacteria and E. coli. The results of this study showed that AITC can substantially reduce the numbers of E. coli O157:H57 in fresh ground beef during refrigerated and frozen storage, but it was not effective against mesophilic bacteria. Suhr and Nielsen (2003) investigated antimicrobial effect of several essential oils including AITC against rye-bread spoilage fungi and they found that smaller compounds such as AITC and citral were most effective when added as volatiles. Nielsen and Rios (2000) investigated antimicrobial effect of AITC against moulds and yeasts associated with bread. AITC was added in PA/EVOH/PA bags of bread packaged under a modified atmosphere. As a result of the study it was reported that AITC could be fungicidal and fungistatic depending on the concentration of AITC and the number of fungus spores and it was determined that the required shelf-life of rye bread could be achieved by antimicrobial packaging with AITC added in PA/ EVOH/PA bags. Shin et al. (2010) showed that AITC in HDPE film with MAP can together be used to inhibit the growth of fresh poultry-related pathogens such as S. typhimurium and L. monocytogenes in fresh chicken samples.
In addition to these compounds, Kim et al. (2006) investigated the antimicrobial activity of green tea extract (GTE) in antimicrobial packaging which has been evaluated as a good antimicrobial substance against S. aureus food pathogenic bacteria in several studies (Si et al. 2006; Wu et al. 2007 ). Kim et al. (2006) found that GTE incorporated in to soy protein isolate film exhibited good antimicrobial property against S. aureus and S. mutans. Theivendran et al. (2006) also determined that GTE (1 %) was effective in inhibiting L. monocytogenes when incorporated into soy protein edible films.
Rheum palmatum extracts (Chinese rhubarb) and Coptis chinensis (Chinese goldthread) extracts were the substances evaluated in antimicrobial packaging by incorporating LDPE. (Chung et al. 1998; . It was determined that the LDPE films retard the growth aerobic bacteria, lactic acid bacteria and yeasts on fruits and fruit decay was significantly lowered but these films did not show any antimicrobial activity against E. coli, S. aureus, Leuconostoc mesenteroides, Saccharomyces cerevisiae, Aspergillus niger, A. oryzae, Penicillum chrysogenum. However, Chana-Thaworn et al. (2011) determined that the antimicrobial activity of edible films incorporated with kiam wood (Cotyleobium lanceotatum) extract against E. coli O157:H7, S. aureus and L. monocytogenes. Ture et al. (2008) found antifungal activity of biopolymers containing rosemary extract against A. niger and P. roquefortii.
Applications of natural antimicrobial polymers
There are several applications for the introduction of antimicrobial activity into polymeric materials. These include incorporating antimicrobial agents directly into polymers, coating antimicrobials onto polymer surfaces, immobilizing antimicrobials by chemical grafting. Bioactive polymers such as, alginate, chitosan, gelatin, etc., can be used for the packaging of food products. Natural biopolymers have the advantage over synthetic polymers in that they are biodegradable and renewable as well as edible (Khan et al. 2014; Rhim and Ng 2007; Shemesh et al. 2015) . Some applications about antimicrobial polymers can be seen in the follow.
Polymeric packaging materials
Most of the studies have focused on polymeric packaging materials, especially for low-density polyethylene (LDPE) films since LDPE is commonly used as an inner layer in packaging combinations. Neetoo et al. (2007) evaluated the antimicrobial effect of nisin-coated plastic films with different chemical compositions and surface properties: low-density polyethylene, ethylene vinly acetate copolymer and three types of ethylene methacrylic acid copolymers against L. monocytogenes. The film type didn't have any significant effect on the antimicrobial activity of nisin-coated film and commercially available packaging films can be coated with nisin and can be conveniently stored at room temperature without any adverse effect on nisin activity. Patsy et al. (2003) investigated the nisin coating process for similar polymeric packaging films with different hydrophobicity, including low-density polyethylene, linear low-density polyethylene (LLDPE), ethylene acrylic acid copolymer (two compositions with different acrylic acid concentrations), ethylene vinly acetate copolymer and it was found that the highest antimicrobial activity was on the most hydrophobic nisin-coated films. Higher nisin coating concentration and higher solution to film area ratio also exhibited higher antimicrobial activity. Cooksey (2005) investigated the effectiveness of nisin coated on LDPE and the minimum concentration of nisin necessary to inhibit L. monocytogenes. The minimum nisin concentration was found as 156 IU/ml, but levels of 2500 and 7500 IU/ml of nisin concentration significantly reduced the population of L. monocytogenes on hot dogs after 60 days of refrigerated storage. Mauriello et al. (2005) studied the activity of nisin coated in LDPE to inhibit Micrococcus luteus in raw and pasteurized milk. Cha et al. (2003b) also studied the application of nisin on to the polyethylene film coated with methylcellulose (MC) and hydroxyl-propyl-methyl-cellulose (HPMC) and application of this antimicrobial film in packaging of tofu, a nutritional gel-like soy food to prevent the growth of L. monocytogenes. Cutter et al. (2001) studied the efficiency of nisin impregnated in polyethylene and polyethylene oxide blends to exhibit any microbial activity against B. thermosphacta and they impacted nisin-incorporated polymers by controlling the growth of undesirable bacteria, thereby extending the shelf life and possibly enhancing the microbial safety of meats.
Other than LDPE, the effect of nisin coated on polyvinyl chloride packaging film to inhibit L. monocytogenes was studied by Limjaroen et al. (2003) . Natrajan and Sheldon (2000a) , investigated the efficiency of packaging films (PVC, LLDPE, nylon) coated with one of three liquid formulations (pH 3.5 to 3.8) composed of 100 μg/ml of nisin and varying concentrations of citric acid, EDTA and Tween 80 to reduce Salmonella contamination of fresh broiler drumstick skin and to increase the refrigerated shelf life. They found that S. typhimurium and spoilage microorganism populations on the surface of fresh broiler skin and drumsticks can be significantly reduced by packaging films treated with nisin-containing formulations. Scannell et al. (2000) developed nisin-immobilized PA/PE films and cellulose based packaging paper inserts with nisin. The nisin-immobilized PA/PE films reduced the lactic acid bacteria counts in sliced cheese and ham in MAP at refrigeration temperatures, thus extending shelf-life. Nisin-adsorbed bioactive inserts reduced the levels of L. innocua to below 2 log units in cheese and ham and S. aureus~1.5 log units in cheese and~2.8 log units in ham. Guerra et al. (2005) studied the effectiveness of nisin adsorbed in cellophane in reducing total aerobic bacteria and they determined that cellophane activated by nisin could be used for controlling the microbial growth in and for extension of shelf-life of chopped meat under refrigeration temperatures.
Biopolymers
Over the last decade, environmental issues have become increasingly important both to the food industry and the consumers, including materials from non-renewable sources, leading to bio-based packaging materials being used in the food industry. Biopolymers could be prepared from renewable sources such as whey protein, corn protein zein, aliphaticaromatic copolysters, cellulose, alginates and starch. They provide protection against moisture, gases and vapor. Beside these advantages, they can decompose more readily in the environment. In combination with various antimicrobial agents such as bacteriocins and plant extracts, different types of biopolymers were created. Commercially-available biopolymers in packaging have been used for fruit and vegetables, mainly due to their short shelf life and relatively few studies have reported results for fresh meat or fish products. Combinations of antimicrobial agents enhance the antimicrobial effect of biopolymers if they are compared with individual agents, owing to their synergistic action. It was shown before that wheat gluten (WG) and methyl cellulose (MC) films with natamycin (NA) have antifungal activities against Aspergillus niger and Penicillium roquefortii. Additionally, it was determined that NA-containing casein coatings and cellulosebased films prevented mould spoilage in cheese (Ku and Bin 2007; Ture et al. 2009; Sanchez-Gonzales et al. 2009; Pastor et al. 2010; Pettersen et al. 2011; Kuorwel et al. 2011a) . Cha et al. (2003b) investigated nisin-incorporated biopolymers (MC, hydroxyl-propyle-methyl-cellulose (HPMC), κ-carrageenan and chitosan) films made by heat-press and casting methods. They determined that both heat processed and cast films with nisin had excellent properties. For the heat pressed films, the antimicrobial activity was the most effective in the MC films and cast films.
It was explained that biopolymer coating on paper packaging materials has many advantages for the future improvement of food packaging. The use of such biopackagings will open potential economic benefits to farmers and the food industry because of quality and safety for their products (Khwaldia et al. 2010 ).
Paper board
In view of cost, acceptance and sustainability properties can be regarded as excellent materials for controlled release of antimicrobials in food packaging (Barbiroli et al. 2012) . A new packaging based on the incorporation of natural materials (essential oils) to paraffin used as a coating in paper and board has recently been proposed. Two different paraffin formulations can be used as vehicles to incorporate the essential oils: pure solid paraffin waxes and paraffin emulsions can be applied to paper by a water evaporation process. The shelf life of cherry tomatoes has been shown to be extended with active paraffin-based paper packaging (Rodriguez-Lafuente et al. 2010) . Lee et al. (2004a) studied the effectiveness of nisin incorporated into paperboard coated with vinyl acetate-ethylene copolymer for total aerobic bacteria in milk and yeasts in orange juice and they determined that at the higher temperatures of 20°C, the degree of microbial suppression was negligible or only marginal. But the microbial inhibition at the low temperatures of 3°C and 10°C was significantly important. Lee et al. (2004b) also studied the activity of nisin incorporated into paperboard using a binder medium of vinyl acetate-ethylene copolymer for M. flavus in cream milk. It was determined that nisin coated paperboard was effective for inhibiting microbial growth and it was a potential packaging for preserving the microbial and chemical quality of perishable foods, thus extending their shelf life.
Edible films containing natural antimicrobials
Biopolymers from renewable sources can be used as active packaging for foods (Bitencourt et al. 2014) . Carbonhydrates and proteins are the most commonly used materials for edible film productions. Edible films and coatings that inhibit the growth of food-borne pathogens and prevent lipid oxidation can also extend the storage and shelf life of food products. Edible films based on carbonhydrates or protein may contain antimicrobial agents like nisin, lysozyme, chitosan, essential oils or their components (Sanchez-Gonzales et al. 2009; Lim et al. 2010a; Mayachiew et al. 2010; Ibarguren et al. 2010; Atares et al. 2010; Pastor et al. 2010; Moura et al. 2011; Moreira et al. 2011) .
Chitosan is a renewable material which is obtained from sources such as; shrimp's shell, fungi, yeast, protozoa and green microalgae. Chitosan has a good film property as well as it has biodegradability, biocompatibility and non-toxicity properties. Chitosan films can be divided into edible films or coatings, for application directly on food in order to improve food safety and shelf life, films and blends. All of its applications can contribute to food preservation and shelf-life extension. Many authors have investigated chitosan coatings for their potential to enhance the quality and extend the storage life of food products (Dutta et al. 2009; Kanatt et al. 2012; Sung et al. 2013; Pushkala et al. 2013; Gyawali and Ibrahim 2014; Broek et al. 2015) .
Among the biopolymers, chitosan and gelatin films are remarkable because of their adequate mechanical properties and excellent gas barrier properties at intermediate and low relative humidity . Gelatin has also been reported to be one of the first materials used as carrier of bioactive components (Kavoosi et al. 2014 ). Elsabee and Abdou (2013) reported that mixing gelatin and chitosan can improve the physico-chemical performance of the films and exhibit antimicrobial activities against pathogen microorganisms. Theivendran et al. (2006) also demonstrated the use of soy protein film coating containing both nisin and natural extracts (grape seed extract (GSE), green tea extract (GTE), nisin and their combinations against L. monocytogenes for ready-to-eat meat products. The greatest inhibitory effect was observed in medium containing GSE (1 %) and nisin (a 9-log cycle reduction of L. monocytogenes population) and in the meat system L. monocytogenes population was decreased by more than 2 -log cycle in the samples containing nisin combined with either GSE (%1) or GTE (%1). Dawson et al. (2002) studied the activity of nisin added into the film of isolated soy protein and glycerol in turkey bologna inoculated with L. monocytogenes and they determined that nisin films reduced cell numbers on turkey bologna from 10 6 to 10 5 after 21 d storage at 4°C. Natrajan and Sheldon (2000b) studied the use of protein and polysaccharide-based packaging films containing different nisin formulations for inhibiting Salmonella in fresh broiler skin. The results of the study demonstrated that the inclusion of nisin-based treatments in these films yielded significant S. typhimurium population reductions ranging between 1.8 to 4.6 log cycles after 72 to 96 h of exposure at 4°C in contaminated broiler drumstick skin. The level of inhibition was affected by film type, gel concentration, exposure time and nisin concentration. Ko et al. (2001) investigated the physical and chemical properties of whey protein and soy protein isolates, egg albumen and wheat gluten-based edible films containing nisin and they found various inhibition activities against L. monocytogenes. In another study Lim et al. (2010b) researched a type of red algae BGelidium corneum (GC)^edible films containing thymol as a natural antimicrobial agent against Escherichia coli O157:H7 and L. monocytogenes for ham packages. Their study showed application of the film to ham packaging inhibited the microbial growth. Currently, incorporation of natural plant extracts into soy protein isolate film has elicited great interest, because these combinations provide the films with additional nutrients or quality-enhancing materials (Wang et al. 2012) . Similarly, Fernandez-Pan et al. (2012) found that whey protein isolate edible films incorporating oregano and clove essential oils had the most intense inhibitory effect on microbial growth of Listeria innocua, Staphylococcus aureus, Salmonella enteritidis and Pseudomonas fragi in their research.
Conclusions
Antimicrobial packaging is an innovative food packaging concept and has been gaining interest among researchers and within the industry due to its potential to provide food quality and safety measures. Antimicrobial agents incorporated into or coated onto packaging materials are demonstrated to have significant inhibition activity against various kinds of microorganisms. Antimicrobial packaging systems can cause ecofriendly and more effective antimicrobial formulations for food packaging. The conscious use of one or more types of antimicrobial agents and evaluation of food matrix, active compounds and target microorganisms in food packaging system will increase shelf life and food safety. Due to their potential to provide quality and safety benefits, antimicrobial packaging systems are expected to grow over the next decade. However acceptance and cost effectiveness of these packaging systems will depend on the industry and consumer preferences. Furthermore, antimicrobial agents to food products organoleptic properties of the packaged food are essential to evaluate. 
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